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The activity of the three two-drug combinations of sulfamethoxazole (SMX),
trimethoprim (TMP), and polymyxin B (PB) against 52 clinical isolates of
gram-negative bacilli was studied by a "checkerboard" agar dilution method.
The organisms studied included strains of Enterobacter spp., Klebsiella pneumo-
niae, Serratia marcescens, Providence, Proteus, and Pseudomonas aeruginosa.
The majority of these isolates were resistant to at least two of the three agents
used in the combined studies and to the most commonly used antimicrobials.
The TMP-PB combination demonstrated enhanced activity more frequently
than the other two-drug combinations, showing synergism or addition in 85% of
the combined studies; indifference or antagonism was also observed least
frequently with TMP-PB. The great majority (83%) of Enterobacter-Klebsiella-
Serratia isolates were susceptible to enhanced activity of all combinations.
Proteus-Providence isolates were frequently susceptible (63%), but combined
activity was indifferent or antagonistic against 60% of P. aeruginosa. Twelve
isolates were selected for "killing-curve" assays in which an inoculum was
incubated with SMX, TMP, and PB individually and in various two- and
three-drug combinations. Surviving bacteria were counted at timed intervals
over 24 h of incubation. The triple combination (SMX-TMP-PB) was synergistic
against 9 of 12 isolates, whereas TMP-PB and SMX-PB showed synergism
against 5 and 3 isolates, respectively. These data suggest that, although TMP-PB
will often show enhanced activity against the gram-negative bacilli studied here,
optimal antibacterial activity will be demonstrated when the three-drug combi-
nation is used.

A number of clinical and laboratory studies
have indicated that combining the polymyxins
with sulfonamides and trimethoprim (TMP)
may well enhance antimicrobial activity by
additive or synergistic mechanisms. The poly-
myxins and sulfonamides have been shown to
exhibit synergistic activity against some strains
of Proteus, Pseudomonas, and Serratia (9, 17,
20). In addition, the polymyxins and TMP are
synergistic against some strains of Serratia
marcescens and Proteus (9, 13). These com-
binations have been used on several occasions
to successfully treat patients with serious in-
fections due to these organisms (13, 20).

Greenfield and Feingold (9) demonstrated
that sulfonamides and TMP both could sensi-
tize Serratia to the lethal action of polymyxin B
(PB) and suggested that the three-drug com-
bination might be useful in the therapy of
severe infections due to gram-negative bacilli.

84

Simmons (21), using disk diffusion techniques,
showed that the combination of colistin (poly-
myxin E), sulfamethoxazole (SMX), and TMP
was more active than combinations of any two
of these agents against 66 of 72 gram-nega-
tive bacillus strains (Escherichia coli, Pseudo-
monas aeruginosa, Proteus mirabilis, Salmo-
nella, Shigella, and Klebsiella aerogenes). How-
ever, interpretation of results obtained by his
technique for demonstrating synergism is diffi-
cult, and the organisms tested would be ex-
pected to be susceptible to a number of com-
monly used antimicrobials.
We decided to determine the antibacterial

activity of SMX-TMP-PB combinations by
using techniques for studying synergism with
which there has been extensive experience.
Selected as test organisms were those gram-neg-
ative bacilli resistant to multiple antimicrobials
including, not infrequently, gentamicin and
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carbenicillin. It would seem that any potential
therapeutic application of the SMX-TMP-PB
combination(s) would be against these resistant
organisms.

MATERIALS AND METHODS
Chemicals and bacteria. PB (Aerosporin) and

TMP were provided as standard laboratory powders
by Burroughs Wellcome and Co., Inc. SMX (standard
powder) was obtained from the Hoffmann-LaRoche
Co., Inc. Stock solutions of each antimicrobial were
prepared in concentrations 10 and 20 times the
desired final concentration with sterile distilled water
as the diluent. A few drops of 1 N NaOH were
necessary to dissolve the SMX. Volumes of each
antibiotic were stored frozen. Mueller-Hinton agar
and broth and Trypticase soy agar were Difco prod-
ucts. Fresh, defibrinated horse blood was lysed by
alternate freezing and thawing.

Bacterial strains were isolated from clinical mate-
rial and identified by the Bacteriology Laboratory of
the Wadsworth Veterans Administration Hospital
Center. Isolates were recovered from a variety of
clinical specimens, although the majority were from
urines. A total of 52 clinical isolates was studied (12
K. pneumoniae, 9 Enterobacter spp., 9 indole-positive
Proteus species, 8 S. marcescens, 6 Providence, and 8
P. aeruginosa). A standard inoculum was prepared
from 6- or 24-h Mueller-Hinton broth cultures of each
organism by adjusting the turbidity to an opacity
equivalent to a 0.5 McFarland nephelometer density
standard. A 1:10 dilution of this was used as the final
inoculum. Saline was the diluent in the agar plate
dilution method, and Mueller-Hinton broth was used
for the "killing curves."
MIC of individual antimicrobials. The individual

minimal inhibitory concentration (MIC) of PB, SMX,
and TMP for 52 isolates of gram-negative bacilli was
determined by an agar plate dilution method using a
Steers replicator (23). Agar plates containing appro-
priate dilutions of each antimicrobial were prepared
by mixing 17 ml of melted (and cooled to 48 to 50 C)
Mueller-Hinton agar with 1.0 ml of lysed horse blood
and 2.0 ml of the antimicrobial (at 10 times the final
concentration). This mixture was then poured into a
petri dish. Control plates were prepared by substitut-
ing sterile, distilled water for the antimicrobial. Each
well of the replicator block was filled with the
standard inoculum, and the mechanical inoculator
was used to inoculate each plate in triplicate. Control
plates were inoculated before and after each set of
antimicrobial plates, and all plates were incubated at
37 C for 18 to 24 h.

The MIC was recorded as the lowest concentration
of antimicrobial inhibiting at least 80% of growth. In
almost all instances this corresponded to total inhibi-
tion of growth.

Studies of combined antimicrobial activity. So-
called checkerboard MIC studies with two-drug com-
binations were by the method of Sabath (18). The
following combinations were studied: PB-SMX, PB-
TMP, and SMX-TMP. An agar plate dilution method
with a Steers replicator was used as described above,

except that 1.0 ml of each of the two antimicrobials
(at 20 times final concentration) was added to the
melted-agar tube before the plate was poured. The
checkerboard was achieved by combining in separate
plates each of the four concentrations of one agent
(e.g., TMP: 12.5, 6.25, 3.12, and 1.56 Ag/ml) with each
of the four concentrations of the second agent (e.g.,
SMX: 200, 100, 50, and 25 Ag/ml). Thus, there would
be separate plates containing 12.5 Mg of TMP and 200
Mg of SMX per ml, 12.5 Mg ofTMP and 100 Mg ofSMX
per ml, 12.5 Mg ofTMP and 50gg ofSMX per ml, etc.
MICs were determined for each antimicrobial in the
combination, and isobolograms (Sabath) were plot-
ted.

Killing-curve assays of combined antimicrobial
activity were performed against 12 bacterial isolates.
These isolates were expected to show some degree of
susceptibility to combined antimicrobial activity on
the basis of results from the checkerboard studies. A
technique similar to that of Bulger and Kirby (3) was
used. Basically, killing of bacteria after incubation in
tubes containing individual and various two- and
three-drug combinations of SMX, TMP, and PB was
measured by counting colonies of survivors at various
times. The concentrations of antimicrobials used were
based on demonstrated clinically achievable blood
levels after high-dose therapy, i.e., 135-mg PB, 1.0-g
TMP, and 6.0-g SMX daily doses. They also approx-
imated the 1: 20 optimum for TMP-SMX synergism.
The concentrations were: PB, 1.0 to 3.0 MAg/ml; TMP,
5 to 10 Ag/ml (14); and SMX, 100 Ag/ml. Specific
concentrations used in each assay were subinhibitory
for the particular organism being studied. For each
assay, a series of eight tubes was set up, one tube as
the control, three tubes containing a single antimi-
crobial, three tubes with each two-drug combination,
and one tube containing all three antimicrobials. The
single antimicrobial tube contained 9.4 ml of inocu-
lum, 0.5 ml of lysed defibrinated horse blood, and 0.1
ml of antimicrobial. The two-agent combination
tubes contained 9.3 ml of inoculum, 0.5 ml of lysed
defibrinated horse blood, 0.1 ml of antimicrobial no.
1, and 0.1 ml of antimicrobial no. 2. The three-drug
combination tube contained 9.2 ml of inoculum, 0.5
ml of lysed defibrinated horse blood, and 0.1 ml of
each antimicrobial. The control tube contained no
antimicrobial. Tubes were incubated at 37 C. At the
start of incubation and after 2, 4, 6, and 24 h, portions
were obtained from each tube for making pour plates.
Several dilutions were made in Mueller-Hinton broth,
mixed in tubes of melted Trypticase soy agar, poured
immediately into petri dishes, and incubated at 37 C
for 24 h. Colony counts were performed, and killing
curves were plotted for the assay with each of the 12
organisms studied.

RESULTS
MIC. Table 1 summarizes the MIC data for

PB, SMX, and TMP individually against clini-
cal isolates of gram-negative bacilli. The two
categories of MICs chosen for each agent are
those expected to be below and above readily
achievable serum levels with conventional
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TABLE 1. MIC data

No. of strains in each MIC categorya

Organism Total no. PB" SMX TlOrganism ~~~ofstrainsPBSMTP
.<1.56 .12.5 .50 .100 1.56 >6.25

Enterobacter spp. 9 3 6 0 9 6 3
Klebsiella pneumoniae 12 12 0 0 12 12 0
Proteus (indole +) 9 0 9 0 9 1 8
Providence 6 0 6 0 6 0 6
Pseudomonas aeruginosa 8 8 0 1 7 0 8
Serratia marcescens 8 1 7 0 8 2 6

a Number of strains of each organism susceptible (listed under lower MIC) or resistant (listed under higher
MIC) to each antimicrobial.

b Drug.

doses. The nine strains of indole-positive
Proteus sp. consisted of three strains of P.
morganii, five strains of P. rettgeri, and one
strain of P. vulgaris. Enterobacter strains were
not speciated. These data show that 24 of 52
strains were inhibited by < 1.56 jig of PB per ml
(susceptible), and the remainder (28 of 52) were
inhibited by concentrations of PB > 12.5 gg/ml
(resistant). K. pneumoniae and P. aeruginosa
strains were all susceptible, whereas 22 of 23
Proteus, Providence, and S. marcescens strains
were resistant. Six of nine Enterobacter spp.
strains were resistant.

All except one of the 52 strains were resistant
to SMX, being inhibited only by > 100 qg/ml. A
single strain of P. aeruginosa was inhibited by
50 ,ug or less of SMX per ml and would be con-
sidered susceptible.

All 12 strains of K. pneumoniae and 6 of 9
Enterobacter spp. strains were susceptible to
TMP (MIC <1.56 Ag/ml). Twenty-eight of the
remaining 31 strains (includes Proteus, Provi-
dence, P. aeruginosa, and S. marcescens) were
resistant (MIC >6.25 ,ug of TMP per ml). Only
one of nine and two of eight Proteus and S.
marcescens strains, respectively, were suscepti-
ble.
These data demonstrate that the majority of

all strains were resistant to at least two of the
three antimicrobial agents studied. In addition,
most strains of Proteus, Providence, and S.
marcescens were resistant to all three antimi-
crobials. This pattern of general resistance
serves as a basis for demonstrating enhanced
activity against these microorganisms by vari-
ous combinations of PB, SMX, and TMP.
Checkerboard studies. Figure 1 illustrates

four examples of isobolograms constructed from
the checkerboard MIC data obtained with the
bacterial strains in this study. A more or less
straight line is seen in isobol 1A when PB and

SMX are combined against a strain of S.
marcescens, denoting additive activity. Isobol
1B is concave or bowed inwardly, demonstrat-
ing synergism between TMP and SMX against
a Providence strain. The horizontal and vertical
limbs of isobol 1C meet at approximately a right
angle, representing indifferent activity between
PB and SMX against a strain of P. morganii
(lack of any effect of one agent on the activity of
the other). Isobol 1D is convex or bows out-
wardly away from the individual MIC values

Serratia morcescons
PB A(.V9w)A

>312

3J2 \ ADDITION

L56

0.78-

_Q39 \

425 50 100 200 >200
SMX (jig/mi )

TMP
(Ijigm)

Providnce

B
25

125 SYNERDSM

312 11

4L56 .. .\

C25 50 100 200 >200
smx (jig/mi )

425 50 100 200 >200 (25 0 100 200 >200
SMX (fg/ml ) SMX (,ug/ml)

FIG. 1. Isobolograms constructed from checker-
board MIC data showing additive combinations of
PB, SMX, and TMP against gram-negative bacilli.
Concentration (A), synergistic (B), indifferent (C), or
antagonistic (D) activity of value marked by "X"
denotes MIC of that antimicrobial for the specific
organism.
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(marked by the X's on the coordinates) for TMP
and SMX against this strain of K. pneumoniae.
This pattern indicates antagonism.
Table 2 summarizes the data derived from all

the isobolograms prepared from the results of
the checkerboard studies. Three isobols (one for
each two-drug combination) were prepared for
each bacterial strain (total of 156 isobols).
However, 51 isobols had to be discarded because
MIC values for at least one of the antimicrobials
were too low to permit determination of com-
bined activity. Four strains (one Enterobacter
spp., two K. pneumoniae, and one P.
aeruginosa) were entirely eliminated because
MIC values were too low on all three isobols.
Enhanced activity (instances of synergism or
additive activity in bracketed figures) occurred
31 of 46 times (67%) with the SMX-PB combi-

TABLE 2. Activitya of antimicrobial combinations

En-
Antimicrobial Syner- Addi- hanced Indif- Antag- Totald
combination gismb tion activ- ference onism isobols

ityc

SMX-PB 9 22 31 7 8 46
TMP-PB 9 14 23 2 2 27
TMP-SMS 11 6 17 13 2 32

aType of activity determined from isobolograms
constructed from checkerboard MIC studies against
gram-negative bacilli.

'Indicates number of isobols in each category; i.e.,
9 isobols showed synergism between PB and SMX,
whereas 22 showed additive activity.

cTotal isobols showing enhanced (synergism or
addition) activity between each antimicrobial combi-
nation.

d Total isobols showing combined activity of each
combination. Unequal totals resulted because 51 of
156 isobols were discarded due to excessively low MIC
values for at least one of the antimicrobials.

nation and 23 of 27 times (85%) with TMP-PB
(Table 2). For these two combinations, additive
activity occurred more frequently than syner-
gism. Enhanced activity occurred somewhat
less frequently (17 of 32 times or 53%) when
TMP and SMX were combined, although syn-
ergism was demonstrated more often than addi-
tion (11 versus 6 times). This combination
showed indifferent activity more often than the
other two (13 of 32 times or 41%). Antagonism
occurred most frequently (8 of 46 times or 17%)
when SMX and PB were combined. The TMP-
PB combination, then, demonstrated enhanced
activity more frequently and indifference or
antagonism less frequently than the other two-
drug combinations against all the organisms
considered here.

In Table 3 the different types of combined
activity are tabulated according to the fre-
quency with which each was demonstrated
against three different groups of gram-negative
bacilli. The numbers represent the total num-
ber of combined tests (or isobols), including all
three two-drug combinations. The great major-
ity (37 of 44 or 83%) of Enterobacter-Klebsiella-
Serratia isolates were susceptible to enhanced
activity; synergism and addition occurred with
about the same frequency. Enhanced activity
was also demonstrated frequently (26 of 41
times or 63%) against Proteus-Providence iso-
lates.
On the other hand, the data show indifferent

or antagonistic activity against 12 of 20 (60%) P.
aeruginosa isolates. Clearly, these organisms
will infrequently be susceptible to the activity
of any of these two-drug combinations, whereas
the Enterobacter-Klebsiella-Serratia group will
be susceptible most of the time and Proteus-
Providence will often be susceptible.
Table 4 breaks down the susceptibility of

TABLE 3. Combined activity" against groups of gram-negative bacilli

SynegismAddtionEnhaced Indif- Antag- Enacd Total
Bacilli Synergism Addition Enhanied ference onism activity isobolSd(29)~(42) activity (22) (12) (1ity

Enterobacter-Klebsiella-Serratia 19 18 37 2 5 7 44
Proteus-Providence 9 17 26 15 0 41
Pseudomonas 1 7 8 5 7 12 20

aType of combined activity (synergism, etc.) determined from isobolograms constructed from "checker-
board" MIC studies of each two-drug combination; i.e., SMX + PB, TMP + PB or TMP + SMX.

bIndicates number of isobols (or tests of combined activity) demonstrating each type of activity against each
group of gram-negative bacilli; i.e., of 44 isobols constructed for the Enterobacter-Klebsiella-Serratia group, 19
showed synergistic activity of the various two-drug combinations against these organisms.

c Total isobols showing enhanced (synergism or addition) or lack of enhanced (indifference or antagonism)
activity between the two-drug combinations against each group of organisms.

d Total isobols showing all types of combined activity of each combination. Unequal totals resulted because
51 of 156 isobols were discarded because of excessively low MIC values for at least one of the antimicrobials.
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TABLE 4. Combined activitya of each two-drug combination against groups of gram-negative bacilli

Antimicrobial combination Synergismb Addition Enhanced Indifference Antagonism Totalactivityc isobolsd

Enterobacter-Kiebsiella-Serratia
SMX-PB 9 12 21 2 3 26
TMP-PB 2 5 7 0 0 7
TMP-SMX 8 1 9 0 2 11

Proteus-Providence
SMX-PB 0 9 9 5 0 14
TMP-PB 7 7 14 0 0 14
TMP-SMX 2 1 3 10 0 13

Pseudomonas
SMX-PB 0 1 1 0 5 6
TMP-PB 0 2 2 2 2 6
TMP-SMX 1 4 5 3 0 8

a Type of combined activity (synergism, etc.) determined from isobolograms constructed from checkerboard
MIC studies.

'Indicates number of isobols (or tests of combined activity) demonstrating each type of activity against each
group of gram-negative bacilli; i.e., of 26 isobols constructed for the SMX-PB combination against the
Enterobacter-Kiebsiella-Serratia group, 9 showed synergism.

cTotal isobols showing enhanced (synergism or addition) activity between the two-drug combinations
against each group of organisms.

d Total isobols showing all types of combined activity of each combination against each group of organisms.
Totals are unequal because some isobols were discarded because of excessively low MIC values for at least one of
the antimicrobials.

each group of gram-negative bacilli according to
each two-drug combination and the type of
combined activity demonstrated. These data
extend that of Table 3 and indicate that TMP-
PB always showed enhanced activity against
the Enterobacter-Klebsiella-Serratia and
Proteus-Providence groups. SMX-PB and
TMP-SMX frequently showed enhanced activ-
ity only against the Enterobacter-Klebsiella-
Serratia isolates. None of these two-drug combi-
nations can be expected to consistently demon-
strate synergism or addition against P.
aeruginosa.

Killing-curve studies. Figure 2 illustrates
five separate killing curves constructed from the
colony counts determined during incubation of
the gram-negative bacilli with the three antimi-
crobials, individually and in various combina-
tions. Synergism was defined as at least a 3.5- to
4-log decrease in colony count with a given
antimicrobial combination as compared to the
effect of the most active single agent. Determi-
nations were generally made on the basis of the
24-h colony counts. However, on two occasions
the 6-h reading for the TMP-PB combination
against isolates of Providence and S.
marcescens indicated synergism, whereas sig-
nificant regrowth had occurred by 24 h (Fig.
2D). In these two instances, the 6-h reading was
chosen and synergism was considered present.

This judgment was based on the fact that
Bulger and Kirby (3) considered the rate of
killing during the first 4 to 6 h the most critical
part of this test.

Figure 2A shows that only the three-drug
combination shows synergism against a strain of
S. marcescens. Both the three-drug and the
TMP-PB combinations demonstrate synergism
against the strain of P. morganii seen in Fig. 2B.
In Fig. 2C, the triple combination has virtually
killed all P. vulgaris organisms by 6 h, showing
marked synergism. By 24 h the killing effect of
SMX-PB also qualifies as synergism, although
this effect is much less dramatic. TMP-PB and
the triple combination are both synergistic
against a strain of Providence, although the
TMP-PB effect is seen only at 6 h (Fig. 2D).
Only the three-drug combination has a syner-
gistic effect against the strain of P. aeruginosa
shown in Fig. 2E.
Table 5 summarizes the data on synergism of

the various antimicrobial combinations against
those 12 strains of gram-negative bacilli studied
by killing-curve assays. The triple combination
(SMX-TMP-PB) was synergistic against nine of
the isolates. TMP-PB showed synergism
against five isolates, and SMX-PB showed
synergism against three isolates. In this assay
system with these bacteria, the TMP-SMX
combination was not synergistic. Although this

ANTIMICROB. AG. CHEMOTHER.
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FIG. 2. Killing curves constructed from colony counts performed after incubation of gram-negative bacilli in
PB, SMX, and TMP, individually and in various combinations. The three-drug combination is most active and
has good killing power against each of these organisms. Activity against P. aeruginosa was less than that against
the other gram-negative bacilli.
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TABLE 5. Killing curve studies demonstrating
synergistic combined activitya

Synergismb
No.-

Organism of iso- TMP SMX TMP
lates STPE + + +

SMX PB PB

Enterobacter spp. 1 1 0 1 1
Klebsiella pneumo- 1 1 0 0 1

niae
Proteus 5 4 0 2 2

(4)-Providence (1)
Pseudomonas 2 1 0 0 0

aeruginosa
Serratia marcescens 3 2 0 0 1

a Instances of synergism (a 3.5- to 4-log decrease in
survival) demonstrated by each two-drug and the
three-drug combination against 12 isolates of
gram-negative bacilli. Killing curves constructed
from colony counts of surviving bacteria over 24 h.

Number of times each drug combination showed
synergism; i.e., STP was synergistic against the one
isolate of Enterobacter spp. and against four of the
five isolates of Proteus and Providence studied.

c STP, Sulfamethoxazole-trimethoprim-polymyxin
B.

sample is small, these killing-curve results sug-
gest that the triple combination (SMX-TMP-
PB) will frequently show marked synergism
with dramatic killing of gram-negative bacilli,
whereas the effect of the two-drug combinations
is, in comparison, less impressive.

DISCUSSION
This report indicates that significant antimi-

crobial activity is demonstrated against
gram-negative bacilli by combining PB, SMX,
and TMP in three- and two-drug combinations.
Two different methods were used to study
combined activity. Checkerboard dilution MIC
studies using each of the two-drug combinations
were carried out with 52 different isolates of
gram-negative bacilli. The more time-consum-
ing killing curves, showing the activity of the
individual agents as well as the two- and
three-drug combinations, were performed with
only 12 isolates. The results obtained with the
two different methods are not entirely compara-
ble, i.e., TMP-SMX showed no synergism
against the 12 isolates by the killing-curve assay
and yet was deemed synergistic by checker-
board MICs against 8 of 11 Enterobacter-Kleb-
siella-Serratia isolates. The differences are un-
doubtedly methodological and subject to varied
interpretations. However, certain conclusions
can be drawn from both sets of data. The
checkerboard MIC studies demonstrate that

TMP-PB is the two-drug combination that will
show enhanced antimicrobial activity against
the great majority of Enterobacter-Klebsiella-
Serratia and Proteus-Providence groups of bac-
teria most consistently. Furthermore, when
SMX, TMP, and PB were combined in the
killing-curve assay in concentrations similar to
those achievable in the blood with high-dose
therapy, the three-drug combination showed
significantly greater killing than any single
agent or two-drug combination. Optimal anti-
bacterial activity against gram-negative bacilli,
then, can be expected when SMX, TMP, and
PB are utilized as a three-drug combination.
The significance of these in vitro data is

difficult to determine at the present time. The
combination of TMP-SMX is commercially
available in the form of a fixed-ratio tablet
containing 80 mg of TMP and 400 mg of SMX.
This combination is recommended in the
United States for the treatment of chronic
urinary tract infections due to susceptible or-
ganisms (primarily gram-negative bacilli). The
studies reported here indicate that TMP-PB is
superior to the other two-drug combinations
and nearly as active as the three-drug combina-
tion. However, since TMP is not available as a
single agent, any combined therapeutic effort at
the present time requires the use ofPB and the
combination TMP-SMX tablet. Practical prob-
lems arise in attempting to therapeutically
achieve enhanced antibacterial activity similar
to that demonstrated in the laboratory. The
TMP-SMX tablets are given orally at 6-h
intervals. Alternating peak and valley blood
levels are produced during these dosage inter-
vals, and absorption from the gastrointestinal
tract may be irregular in any given individual.
PB, in contrast, is administered parenterally at
much longer intervals (8 or 12 h). Thus, blood
levels of all three agents optimal for synergistic
or additive activity may be present for only
short periods of time during a course of treat-
ment. Furthermore, whereas TMP and SMX
seem to be rather freely diffusable (5), the tissue
diffusion of PB is markedly limited. Kunin and
Bugg (11) have shown that much of the PB
injected in rabbits becomes bound to phospho-
lipids of tissue cell membranes. Such bound
drug has no antibacterial activity. Levels of free
(active) PB in tissues were much lower, and
repeated injections resulted in accumulation of
tissue-bound PB with no increase in free drug.
Another question concerning the in vivo ther-

apeutic efficacy of PB relates to the work of
Chen and Feingold (4) which demonstrated that
divalent cations (magnesium and calcium) an-
tagonize the bactericidal effect of PB on P.
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aeruginosa and E. coli cells. They concluded
that in infections with some gram-negative
bacilli, physiological concentrations of divalent
cations might limit the efficacy of PB.

In spite of the above problems, the potential
therapeutic use of the synergistic combination
SMX-TMP-PB should be of interest, especially
in the case of gram-negative bacteremias. Here,
serum levels of antimicrobials may be more
important than diffusion of free drug into tis-
sues. Bacteremias (and other infections) due to
nosocomial multiple antibiotic resistant
gram-negative bacilli are currently one of the
most serious problems in hospitalized patients.
Many of these organisms (species of Enterobac-
ter, Klebsiella, Serratia, Proteus, Providence,
and Pseudomonas) are susceptible only to gen-
tamicin and/or carbenicillin, resulting in wide-
spread use of these agents. This excessive use
may well result in increasing resistance of
gram-negative bacilli to these agents. Indeed,
there have been recent reports of such resistance
(7, 8, 22). New aminoglycoside antimicrobials
(tobramycin, sisomicin, and BBK8) active
against these organisms (6, 15) have been devel-
oped, but some cross-resistance with gentami-
cin does occur (2), and one would expect that
widespread use of these newer agents would
eventually lead to increasing bacterial resist-
ance to them. In contrast, there has been no
significant development of resistance to poly-
myxin in the past 20 years (1). Moreover, one
would expect that combined use of three an-
timicrobials acting by different mechanisms
(PB by damage to cytoplasmic membrane and
SMX-TMP by interference with folate metabo-
lism) would decrease the likelihood of develop-
ment of resistance.
There has been some limited clinical experi-

ence with combinations of PB, SMX, and TMP
in instances where infecting bacteria have be-
come resistant to all other available agents.
Rosenblatt et al. (16) have reported two cases of
bacterial endocarditis in narcotic addicts, one
due to S. marcescens and a second due to P.
aeruginosa, treated with the three-drug combi-
nation. There was temporary clearing of bac-
teremia, although subsequent cardiac valve
surgery was required for a cure. There have been
several recent reports of treatment of P. cepa-
cia endocarditis with combinations of SMX,
TMP, and PB. Hamilton et al. (10), Seligman
et al. (19), and Neu et al. (12) treated a total of
four patients with SMX-TMP only and achieved
sterilization of the blood. However, relapse
occurred in two patients after discontinuation of
therapy, and cardiac valve surgery was required
in three patients. Rahal et al. (14) also treated

four patients with P. cepacia endocarditis with
the three-drug combination and cardiac valve
surgery. Three of the patients were cured. These
authors also studied 11 strains of P. cepacia by a
tube-dilution method and showed that addition
of therapeutic concentrations of SMX and TMP
significantly lowered the MIC of PB for all the
strains to the very susceptible range (0.09 to
0.78 ug/ml). They concluded that a combina-
tion of all three agents appears to provide
optimal activity in vitro against P. cepacia.

In conclusion, the combination SMX-TMP-
PB appears to demonstrate synergistic activity
against gram-negative bacilli frequently resist-
ant to multiple antimicrobials. Clinical trials of
the three-drug combination are probably war-
ranted in patients with serious infections due to
these organisms, who have failed to respond
clinically to other antimicrobials and whose
infecting organisms are resistant in vitro. Fur-
thermore, susceptibility to the synergistic effect
of SMX-TMP-PB should also be demonstrated
in the laboratory.

LITERATURE CITED

1. Adler, J., and M. Finland. 1971. Susceptibility of recent
isolates of Pseudomonas aeruginosa to gentamicin,
polymyxin, and five penicillins, with observations on
the pyocin and immuno types of the strains. Appl.
Microbiol. 22:870-875.

2. Brusch, J. L., M. Barza, M. G. Bergeron, and L.
Weinstein. 1972. Cross-resistance of Pseudomonas to
gentamicin and tobramycin. Antimicrob. Ag. Chemo-
ther. 1:280-281.

3. Bulger, R. J., and W. M. Kirby. 1963. Gentamicin and
ampicillin: synergism with other antibiotics. Amer. J.
Med. Sci. 246:717-726.

4. Chen, C. H., and D. S. Feingold. 1972. Locus of divalent
cation inhibition of the bactericidal action of poly-
myxin B. Antimicrob. Ag. Chemother. 2:331-335.

5. Craig, W. A., and C. M. Kunin. 1973. Distribution of
trimethoprim-sulfamethoxazole in tissue of rhesus
monkeys. J. Infect. Dis. 128:S575-S579.

6. Crowe, C. C., and E. Sanders. 1973. Sisomicin: evalua-
tion in vitro and comparison with gentamicin and
tobramycin. Antimicrob. Ag. Chemother. 3:24-28.

7. Edwards, L. D., A. Cross, S. Levin, and W. Landau. 1974.
Outbreak of a nosocomial infection with a strain of
Proteus rettgeri resistant to many antimicrobials.
Amer. J. Clin. Pathol. 61:41-46.

8. Greene, W. H., M. Moody, S. Schimpff. V. M. Young, and
P. H. Wiernik. 1973. Pseudomonas aeruginosa resistant
to carbenicillin and gentamicin. Ann. Intern. Med.
79:684-689.

9. Greenfield, S., and D. S. Feingold. 1970. The synergistic
action of the sulfonamides and the polymyxins against
Serratia marcescens. J. Infect. Dis. 121:555-558.

10. Hamilton, J., W. Burch, G. Grimmett, K. Orme, D.
Brewer, R. Frost, and C. Fulkerson. 1973. Successful
treatment of Pseudomonas cepacia endocarditis with
trimethoprim-sulfamethoxazole. Antimicrob. Ag.
Chemother. 4:551-554.

11. Kunin, C. M., and A. Bugg. 1971. Binding of polymyxin
antibiotics to tissues: the major determinant of distri-
bution and persistence in the body. J. Infect. Dis.
124:394-400.

VOL. 6, 1974



92 ROSENBLATT AND STEWART

12. Neu, H. C., G. J. Garvey, and M. P. Beach. 1973.
Successful treatment of Pseudomonas cepacia endocar-
ditis in a heroin addict with trimethoprim-sulfameth-
oxazole. J. Infect. Dis. 128:S768-S770.

13. Noall, E. W., H. F. Sewards, and P. M. Waterworth.
1962. Successful treatment of a case of Proteus septica-
emia. Brit. Med. J. 2:1101-1102.

14. Rahal, J. J., M. S. Simberkoff, and P. J. Hyams. 1973.
Pseudomonas cepacia tricuspid endocarditis: treat-
ment with trimethoprim, sulfonamide, and polymyxin
B. J. Infect. Dis. 128:S762-S767.

15. Ries, K., M. E. Levison, and D. Kaye. 1973. In vitro
evaluation of a new aminoglycoside derivative of kana-
mycin, a comparison with tobramycin and gentamicin.
Antimicrob. Ag. Chemother. 3:532-533.

16. Rosenblatt, J. E., J. G. Dahlgren, R. S. Fishbach, and F.
P. Tally. 1973. Gram-negative bacterial endocarditis in
narcotic addicts. Calif. Med. 118:1-4.

17. Russell, F. E. 1963. Synergism between sulphonamide
drugs and antibiotics of the polymyxin group against
Proteus sp. in vitro. J. Clin. Pathol. 16:362-366.

ANTIMICROB. AG. CHEMOTHER.

18. Sabath, L. D. 1968. Synergy of antibacterial substances
by apparently known mechanisms, p. 210-217. Antimi-
crob. Ag. Chemother. 1967.

19. Seligman, S. J., T. Madhavan, and D. Alcid. 1973.
Trimethoprim-sulfamethoxazole in the treatment of
bacterial endocarditis. J. Infect. Dis. 128:S754-S761.

20. Simmons, N. A. 1969. Potentiation of inhibitory activity
of colistin on Pseudomonas aeruginosa by sulpha-
methoxazole and sulphamethizole. Brit. Med. J.
3:693-696.

21. Simmons, N. A. 1970. Colistin, sulphamethoxazole, and
trimethoprim in synergy against Gram-negative bacilli.
J. Clin. Pathol. 23:757-764.

22. Snelling, C. F., A. R. Ronald, C. Y. Cates, and W. C.
Forsythe. 1971. Resistance of Gram-negative bacilli to
gentamicin. J. Infect. Dis. 124:S264-S270.

23. Steers, E., E. L. Foltz, and B. S. Graves. 1959. An inocula
replicating apparatus for routine testing of bacterial
susceptibility to antibiotics. Antibiot. Chemother.
9:307-311.


